It is well documented that γ-aminobutyric acid (GABA) system existed in reproductive organs. Recent researches showed that GABA A and GABA B receptors were present in testis and sperm, and might mediate the acrosome reaction induced by GABA and progesterone. GABA transporter I (GAT1) also existed in testis and sperm, but its physiological function was unknown. In the present study, we used GAT1 overexpressing mice to explore GAT1 function in male reproductive system. We found that the expression level of GAT1 continuously increased in wild-type mouse testis from 1 month to 2 months after birth. GAT1 overexpression in mouse affected testis development, which embodied reduced testis mass and slowed spermatogenesis in transgenic mice. Moreover, transgenic mice showed increase of the percentage of broken sperm. The further study revealed that the reproductive capacity was impaired in GAT1 overexpressing mice. In addition, testosterone level was significantly low in transgenic mice compared with that in wild-type mice. Our findings provided the first evidence that abnormal expression of GAT1 could result in dysgenesis, and indicated that GAT1 might be therapeutically targeted for contraception or dysgenesis treatment.
INTRODUCTION
γ-aminobutyric acid (GABA) is the principal inhibitory neurotransmitter in central nervous system (CNS) and has a widespread distribution in the mammalian brain [1] . It acts postsynaptically on ionotropic GABA A and metabotropic GABA B receptors to induce neuronal inhibition. The efficient termination of GABA transmission is depended on high-affinity GABA transporters, in which GABA transporter I (GAT1) is the predominant transporter [2, 3] . GABAergic system was found in many peripheral tissues outside the CNS [4] , but its function was unclear. Previous studies showed that GABA existed in testis, epididymis, seminal vesicle, sperm and oviduct [5, 6] . Moreover, GABA at relatively low concentrations (0.5 µM) mimics the effect of progesterone to induce the acrosome reaction in human spermatozoa [7] . Recent researches showed that GABA A and GABA B receptors were existed in rat testis and sperm [7] [8] [9] , and these receptors might mediate the acrosome reaction induced by GABA and progesterone [10] [11] [12] . The findings suggested that GABA and its receptors played an important role in reproductive system. GABA transporters are also very important in the regulation of the magnitude and duration of the action of GABA. GABA uptake was detected in human spermatozoa suggesting the presence of a high-affinity GABA transporter protein [13, 14] . Recently, GAT1 was found existing in the testis and sperm of rat and mouse [15, 16] . We have generated transgenic mice overexpressing GAT1 in mouse testis and found that testicular morphology was abnormal in these mice [15] . In the present study, we showed that GAT1 overexpression functionally affected reproduction in mice.
MATERIALS AND METHODS

Animals
The GAT1 overexpressed transgenic mice and wild-type littermates were developed as described [15] . TG1, as used throughout this manuscript, refers to homozygotes with GAT1 transgene, while WT (wild-type) refers to littermate mice without GAT1 transgene. Mice were group housed in plastic mouse cages (<4 mice per cage) with free access to standard rodent chow and water. The colony room was maintained at 22±2 o C with a 12 h:12 h light:dark cycle. All the experimental protocols were performed in compliance with the National Institutes of Health guidelines for the care and use of animals and were approved by the local Animal Care and Use Committee.
Comparative RT-PCR analysis
Testis samples were removed from male mice after cervical dislocation. Total RNA was extracted with Trizol reagent (GIBCO BRL) as detailed by the manufacturer. RNA integrity was identified by formaldehyde-electrophoresis. RNA sample was thoroughly treated with RNase-Free DNase (5U/µg RNA) for 45min at 37 o C. After purified, RNA sample was performed reverse-transcription with a RT kit (GIBCO BRL).
Selective primers for GAT1 cDNA were designed (CHIP1: 5'ACCAAGCTTAGGCTGCAAAGCTGCTG3', CHIP4: 5'AGGCCTTTGAACATGGGCGCCAG3'). Androgen receptor primers (AR1: 5'CCCACATCAGAGGCCCCACAG3', AR2: 5'TCCAATGCTTCCACACCCAATC3') were used to identify its expression in transgenic mice. Meanwhile, GAPDH cDNA was detected by PCR as an internal standard with primers: 5'-ACGAC-CCCTTCATTGACC-3' (forward) and 5'-CCAGTGAGCTT-CCCGTTCAGC-3' (reverse), which spanned 588bp nucleotides within the coding sequence for GAPDH. Resultant GAPDH RT-PCR products were referred to quantify the expression level of target products.
The PCR was performed initially by denaturing template DNA at 
Histology analysis
Testis examination. Mice aged 1 month were anesthetized and perfused with 4% paraformaldehyde in PBS. After that, testis were removed and then dehydrated through graded ethanol and cleared with xylene, subsequently embedded in paraffin. 7 µm thick paraffin-sections were cut on Leitz microtome. Slides were stained with haematoxylin and eosin, then examined and photographed under Leica microscope. The number of the seminiferous tubules with spermatozoa or without spermatozoa was recorded, and the percentage of the seminiferous tubules with spermatozoa was calculated. Two sections per mouse from both wild-type mice (n=3) and transgenic mice (n=3) were measured and the data were analyzed statistically.
Sperm examination. Adult mice were sacrificed by cervical dislocation. Sperm was gently released in BWW buffer (containing in g/L: NaCl 5.54; KCl 0.356; CaCl 2 •2H 2 O 0.250; KH 2 PO 4 0.162; MgSO 4 •7H 2 O 0.294; NaHCO 3 2.1; glucose 1.0; Sodium pyruvid acid 0.03; BSA 3.5; and 60% Syrup of sodium lactic acid 3.7ml/L) from the caudal epididymis of wild-type and transgenic mice using mechanical methods. Sperm sample was centrifuged and sperm was suspended in BWW buffer. Then, the sperm sample was smeared on slides and examined under Leitz microscope immediately. Sperm slides were photographed after they were dried. 1000-1200 sperms per mouse from both wild-type mice (n=5) and transgenic mice (n=7) were counted (regardless of sperm tail). The percentage of broken sperm was calculated and analyzed statistically.
Reproduction analysis
Male transgenic mice and wild-type mice aged 2-3 months were used to mate with female wild-type mice aged 2-3 months respectively. Male transgenic mice and wild-type mice aged 5-7 months were also used to mate with female wild-type mice aged 2-3 months respectively. The vaginal plug was checked in each female mouse. The number of gestation of female mice was recorded and the percentage of gestation was calculated in each group. The sibling size was also recorded and analyzed statistically in each group.
Testosterone concentration analysis
Blood samples were obtained by retro-orbital sinus bleeding. The concentration of testosterone was assayed with Wallac Auto-DELFIA TM Testosterone kit according to the protocol detailed by the manufacturer (PerkinElmer).
RESULTS
The development of testis in GAT1 overexpressing mice
By RT-PCR, the expression level of GAT1 was detected in the process of testis development. Results showed that GAT1 level was continuously increased in mouse testis from 1 month to 2 months after birth. The expression level of GAT1 in 1.5-mon-old and 2-mon-old mouse testis was about two times and three times higher respectively compared with that in 1-mon-old mouse testis (Fig 1a) , which suggested that GAT1 might be involved in the function of testis. GAT1 expression was sustained in high level in the testis of GAT1 overexpressing mice (TG1) compared with wild-type (WT) control mice from 1 month to 2 months after birth (Fig 1a) . Furthermore, GAT1 overexpressing mice showed decreased testis mass at the age of 1 month, 1.5 months and 2 months (Fig 1b) . We wondered whether the testis development in the GAT1 overexpressing mice was slower than that in wild-type control mice. Therefore, the spermatogenesis was examined in TG1 mice and control mice at the age of 1 month. Results showed that the number of seminiferous tubules containing spermatozoa was significantly decreased in TG1 mice than that in WT mice (Fig 2a, 2b) , and the statistical result was revealed in Fig 2c, which suggested that the testis development was inhibited in TG1 mice. Furthermore, the size of leydig cells was smaller in TG1 mice than that in WT mice, and the number of leydig cells was also reduced in TG1 mice (Fig 2a, 2b) . In addition, the seminiferous tubules were a little abnormal and their diameter was slightly small in TG1 mice compared with WT control mice (Fig 2a, 2b) . The data indicated that GAT1 overexpression affected the development of mouse testis.
Increase of broken sperm in GAT1 overexpressing mice
Previous observations in testis showed that there were fewer spermatids and spermatozoa in seminiferous tubules in adult TG1 mice than that in adult WT mice. In the present study, we found that the number of broken sperm was significantly more in TG1 mice than that in WT mice (Fig 3a, 3b) . The percentage of broken sperm was assessed statistically. It was 4.6% in WT mice and 38.2% in TG1 mice (Fig 3c) . These observations indicated that the quantity of normal sperm was dramatically decreased in TG1 mice compared with that in WT mice.
Impaired reproduction in GAT1 overexpressing mice
To explore whether the reproductive capacity was impaired in transgenic mice, male transgenic mice and wildtype mice aged 2-3 months were used to mate with female wild-type mice aged 2-3 months. The percentage of female mice of gestation mating with male wild-type mice was 91.7% while that mating with male transgenic mice was only 53.3% (Fig 4a) . Furthermore, the reproductive capacity was detected in elder male transgenic mice. Results showed that 88.9% female mice were gestated after mating with male wild-type mice, but the percentage was only 33.3% for male transgenic mice (Fig 4a) . These data suggested that reproductive capacity was impaired in male GAT1 overexpressing mice, although male transgenic mice and wild-type mice showed the same sibling size (Fig 4b) .
Decreased testosterone level in GAT1 overexpressing mice
The concentration of testosterone in blood was tested to explore whether the secretion of testosterone was affected in transgenic mice, since leydig cells were abnor- mal in TG1 mice (Fig 2a, 2b) . The result showed that testosterone level was significantly decreased in blood of TG1 mice compared with that of WT mice (Fig 5a) . But the expression of androgen receptor was not altered in the testis of TG1 mice compared with that in the testis of WT mice (Fig 5b) . These data indicated that the level of androgen signaling was reduced in TG1 mice.
DISCUSSION
GAT1 overexpressing mice were generated to reveal that abnormal expression of GAT1 could affect reproduction and lead to infertility. Since GABA is a neurotrophic factor in CNS [17] , it may also be a trophic factor in testis. GAT1 overexpression might result in low GABA concentration in the testis of transgenic mice, and then inhibited the testis development in transgenic mice (Fig 2) . In adult TG1 mice, the testis morphology was also affected as previously reported [15] . In the present study, we also showed that the percentage of broken sperm in TG1 mice was significantly high compared with that in WT mice (Fig 3) , although there was a few broken sperm in the sperm sample of WT mice, which might result from the collection of sperm sample. It was interesting to find that the level of testosterone in blood of TG1 mice was significantly lower than that in blood of WT mice (Fig 5a) . As the leydig cells were abnormal in TG1 mice (Fig 2) , it was reasonable to find that fewer testosterone was secreted by leydig cells of TG1 mice. Low testosterone concentration might influence reproduction in transgenic mice. In addition, the reproductive capacity analysis showed that fertile percentage of male TG1 mice was decreased compared with that of male WT mice (Fig 4a) . However, the sibling size resulted from male transgenic mice was similar to that resulted from male wild-type mice (Fig 4b) . The result might be due to the individual differences between TG1 mice.
As GABA could increase human sperm motility and activation [18] and induce the acrosome reaction in human spermatozoa [19] , it was speculated to be a physiological regulator of sperm function. We supposed GAT1 was involved in sperm function since GAT1 regulated the action of GABA and it was present on rat and mouse sperm [16, unpublished data] . Moreover, GAT1 could lead to the membrane depolarization, which was important for the initiation of the sperm acrosome reaction [20, 21] . Therefore, GAT1 may play a role in acrosome reaction and abnormal expression of GAT1 may affect the sperm function and lead to infertility.
In conclusion, the present study provided the first evidence that GAT1 overexpression leaded to dysgenesis, and gave a new idea in clinical treatment of infertility and in contraception.
